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ABSTRACT  
Italy is a country rich of historical buildings, often made up of bricks, which were seriously damaged or suffered 
collapse after recent devastating earthquakes. In this framework the current work shows the results of instrumental 
researches and structural analysis aiming at the description of the seismic behaviour of masonry belfries or bell 
towers. Forty case studies belonging to thirteen Italian regions, so to be representative of the different seismic areas 
of the country, have been herein examined. A global modelling approach based on macro-elements models able to 
reproduce the seismic behaviour of bell towers with the support of the equivalent frame technique has been 
implemented through the 3MURI software. This numerical approach has allowed  to reproduce the sequence of the 
main damage mechanisms of structures as horizontal forces increase. Therefore, a parametric analysis has been 
performed to evaluate the seismic response of investigated structures by changing their geometrical parameters. 
From the achieved results the individuation of the bell towers most at risk placed in different parts of Italy (North, 
Centre and South) has been faced. Finally, a new third order polynomial formula is proposed to calculate the 
principal vibration period of light squared stone towers as a function of their slenderness. 
 
1 GENERAL INFORMATION  
In Italy there are plenty of masonry buildings 
of historical interest which are very sensitive to 
seismic phenomena, as testified by the 
earthquakes occurred in the last years. In 
particular, the old town of L’Aquila, rich of 
valuable examples of medieval and Sixteenth- 
Century architectures, suffered heavy damage 
because of the 2009 April 6th earthquake.  
Some year later, on 2012 May 20th and 29th the 
earthquake fury struck the Emilia-Romagna 
region, causing severe damage to 515 churches, 
with an economic damage of about 329 million 
euros. The most affected cities were Ferrara, with 
injuries to 164 sacred buildings and Modena, with 
146 damaged buildings. 
Finally, another earthquake happened on  2016 
August 24th involved four regions of the 
Apennine territory of the central Italy, causing a 
lot of damages especially to historical masonry 
structures, including religious buildings 
(Krstevska et al., 2010) and bell towers. Globally, 
541 million euros of damages to cultural heritage 
buildings were recorded. 
On the basis of these premises, it is of course 
recognized the high seismic vulnerability of 
masonry bell towers. For this reason, a number of 
studies are available in the technical literature 
dealing with the numerical/experimental analysis 
of this structural typology. 
In general a robust tradition is available in 
Italy and in Europe, with a variety of analyses 
spacing from the utilization of non-linear FE 
codes (Abruzzese et al., 2009; Carpinteri et al., 
2006; Riva et al., 1998; Bernardeschi et al.. 2004; 
Pena et al., 2010; Bayraktar et al., 2010) to the 
implementation of very specific fiber-element 
models for the 3-D non-linear dynamics of 
slender towers (Casolo, 1998; 2001), passing 
through combined eigenvalues and experimental 
identification studies (Ivorra and Pallares. 2006; 
Russo et al., 2010), to 2D limit analyses 
performed by means of a no-tension material 
approach (Heyman, 1992), experimental and in-
situ tests (Anzani et al., 2010; Binda et al., 2005), 
repairing and rehabilitation proposals (Lourenço, 
2005; Modena et al., 2002), etc. 
 Researchers have identified that one of the 
most important parameters that determines the 
vulnerability index of such kind of structures is 
the slenderness. 
As known, the Asinelli tower (Bologna), the 
Mangia’s Tower in Siena, San Marco in Venice, 
the Torrazzo in Cremona (the highest masonry 
tower in the world) and the Qtub Minar in India 
are five of the most investigated examples of 
slender towers, being the Asinelli tower the most 
slender one (slenderness equal to 11). 
To perform a full literature review of all the 
contributions regarding the experimental-
numerical analysis of masonry towers is almost 
impossible. However, in a partial review of the 
literature, it should be mentioned that the great 
part of big historical structures has been modelled 
with a so called macro-modelling strategy, i.e. the 
heterogeneous masonry is substituted at a 
structural level through a fictitious material with 
average mechanical properties (either orthotropic 
or isotropic) representing globally the response of 
brickwork under increasing loads. In some cases, 
sophisticated material models have been used, 
ranging from elasto-plastic with softening and 
damaging models, which are the only one suitable 
to have an insight into the pushover behaviour of 
a masonry structure making use of generally 
purpose commercial software. 
For instance, Buti’s bell tower (Italy) studied 
by Bernardeschi et al. (2004) was analysed 
through two different analyses, firstly the bell 
tower subjected solely to its own weight, 
secondly subjected to self-weight and horizontal 
loads mimicking seismic action. An Eighth-
Century masonry tower (Sineo in Alba, Italy) was 
numerically analysed and monitored by 
Carpinteri et al. (2006), because of dangerous 
emerging damage patterns. Several dynamic 
structural characterizations are also available in 
the specialized literature, as for instance the study 
conducted by Ivorra and Pallares (2006) on the 
bell tower of ‘‘Nuestra Sra. de la Misericordia 
Church” (Valencia, Spain). Subsequent to the 
geometrical analysis of the bell tower structure, 
different numerical models were calibrated based 
on dynamic tests to determine the bending and 
torsion frequencies of the tower. 
A presentation of the fundamental design 
choices and of the selection of the most 
appropriate materials and techniques which have 
been made for strengthening the Monza cathedral 
bell tower was made by Modena et al. (2002). 
The investigation carried out on site and in the 
laboratory on the materials and structure of 
Monza bell tower allows the detection of the 
details of damage, which is evolving toward the 
failure. 
Seismic analysis of the Asinelli Tower in 
Bologna (Italy) was studied by Riva et al. (1998). 
In this study, an assessment of the tower’s 
stability with respect to compatible seismic 
events with the region seismicity is carried out by 
means of a nonlinear dynamic analysis on a 
simplified model, essentially constituted by beam 
elements with non-linear stress-strain behaviour. 
The application of geo-radar to the detection 
of three main structural problems for the bell 
tower (Torrazzo) of Cremona was studied by 
Binda et al. (2005). Their study demonstrates the 
need and the potential of a multidisciplinary 
collaboration for the solution of morphological 
and diagnostic problems by use of non-
destructive investigations. 
A case study fully detailed, including the 
aspects of historical, damage and geometric 
investigations, of advanced numerical analysis, of 
justification of remedial measures and of 
detailing the adopted strengthening techniques, 
was represented by the Outeiro Church in 
Portugal studied by Lourenço (2005). In addition, 
many useful studies were done on old historical 
structures (e.g. Bayraktar et al., 2010; Abruzzese 
et al., 2010), as well as on a series of “idealized” 
benchmark cases using the Italian code procedure 
and pushover analysis results with different 
programs (Sarhosis et al., 2017). 
Considering the large attention of numerous 
researchers on this topic, in the current paper, a 
wide parametric analysis on numerous case 
studies has been done, as shown in the next 
sections, with the final goal to both individuate 
the bell towers most at risk on the Italian territory 
and to propose a new formula for assessing the 
main vibration period of towers made of light 
squared stones. 
2 CLASSIFICATION AND FEATURES OF 
MASONRY BELL TOWERS 
2.1 Case studies classification by the 
architecture type  
From the architecture point of view masonry 
towers can be framed within the following 
typologies: 1. Cobble bells; 2. Tower bells; 3. 
Ribbed bells; 4. Bell towers crowned with 
wrought  iron; 5. Bell towers with pseudo-dome 
having multilinear profile; 6. Bell towers from the 
Atriana’s school; 7. Bell towers from the 
Lombardy’s school and 8. Twin bell towers. 
 Independently from the typology, masonry bell 
towers can be also classified on the basis of their 
slenderness , intended as the ratio between the 
total height H and the width B. In particular, for  
values within the range [11÷19], the slenderness 
can be defines as medium-high, whereas for  
values within the range [3÷11], the slenderness 
can be defines as medium-low. In addition, for 
these structures another slenderness based on the 
ratio between the height H and the thickness t can 
be also defined. 
In the current study a review of masonry bell 
towers placed on the Italian territory has been 
made. In particular, forty towers, having medium-
low values of slenderness, have been examined, 
as shown in Table 1, where it is noticed that the 
inspected structures are located in thirteen Italian 
regions. The geographical distribution of towers 
into Northern, Central and Southern parts of Italy 
is shown in Tables 2, 3 and 4. In Tables from 1 to 
4 the main geometrical properties of towers, 
namely the longitudinal direction width B, the 
transverse direction width b, the height H, the 
thickness t, the radius r (in case of towers with 
circular  plan) and the slenderness values H/B and 
H/t, are reported. 
Table 1. The masonry bell towers taken from literature as 
reference structures. 
Name Region H/B H/t 
Teramo cathedral Abruzzo 5 33 
L’Aquila civic tower Abruzzo 3 21 
Medicea’s tower Abruzzo 5 13 
Basilica of S. Maria del 
Carmine Maggiore 
Campania 13 125 
S. Maria di Piedigrotta’s 
church 
Campania 5 33 
S. Chiara’s monastery Campania 4 48 
Natività di Maria’s 
church 
Emilia-
Romagna 
10 29 
Natività di Maria 
Vergine’s church 
Emilia-
Romagna 
6 30 
S. Benedetto Abate’s 
church 
Emilia-
Romagna 
8 58 
S. Lorenzo’s church Emilia-
Romagna 
8 50 
S. Giovanni Battista’s 
church 
Emilia-
Romagna 
19 35 
S. Maria Nuova e San 
Biagio’s church 
Emilia-
Romagna 
9 27 
SS. Pietro e Paolo’s 
church 
Emilia-
Romagna 
14 57 
Rosario’s church Emilia-
Romagna 
12 10 
Ghirlandina tower Emilia-
Romagna 
7 43 
S. Maria Assunta’s 
cathedral 
Friuli Venezia 
Giulia 
7 24 
Capocci’s tower Lazio 4 31 
Monza cathedral Lombardia 7 53 
Gabbia tower Lombardia 5 27 
S. Francesco 
Monsapietro’s church 
Marche 5 26 
S. Francesco ad alto’s 
church 
Marche 7 20 
S. Francesco di Cagli’s 
church 
Marche 9 30 
Cassero’s tower Marche 4 28 
S. Maria Maggiore in 
Morrone del Sannio’s 
church 
Molise 5 18 
S. Maria Assunta in 
Ripabottoni’s church 
Molise 5 20 
S. Maria delle Rose in 
Montorio nei Frentani’s 
church 
Molise 4 17 
S. Giacomo Apostolo in 
Santa Croce di 
Magliano’s church 
Molise 4 20 
Roccaverano tower Piemonte 7 15 
Bari metropolitan city’s 
tower 
Puglia 7 44 
S. Martino’s church Sicilia 6 40 
Coppi-Campatelli’s 
tower 
Toscana 3 18 
Chigi’s tower Toscana 5 17 
Matilde di San Miniato’s 
tower 
Toscana 4 14 
Cugnanesi’s tower Toscana 6 18 
Becci’s tower Toscana 6 23 
Big tower Toscana 6 21 
Madonna della Rocca’s 
sanctuary 
Veneto 5 25 
S. Andrea’s tower Veneto 4 56 
Quarto d’Altino’s 
church 
Veneto 9 28 
S. Severo’s church Veneto 7 16 
Table 2. Masonry bell towers in the Northern Italy. 
Region B (m) b (m) H (m) t (cm) 
Emilia-
Romagna 
1.8–12 1.8–12 7-86 30-257 
Friuli Venezia 
Giulia 
6.35 6.65 47 200 
Lombardia 10 10 54-74 140-200 
Piemonte r = 4.22  30 200 
Veneto 3.7-15 3.7-10 20-58 60-200 
Toscana 5.2-10 5.6-9.4 27-55 130-260 
 
Table 3. Masonry bell towers in the Central Italy. 
Region B (m) b (m) H (m) t (cm) 
Abruzzo 4-10 4-10 20-50 130-150 
Lazio 9 8.14 36 115 
Marche 2.40-9 2.40-8 4-45 65-120 
 
Table 4. Masonry bell towers in the Southern Italy. 
Region B (m) b (m) H (m) t (cm) 
Campania 6-13 4.8-13 30-75 60-100 
Molise 4.8-6.8 4.8-7.1 20-35 100-200 
Puglia 9 8 60 136 
Sicilia 6 6 35 88 
 3 THE MACROELEMENT MODEL AND 
PARAMETRIC PUSHOVER ANALYSES  
The generation of tower specimens to be 
investigated under numerical way has been done  
through the non-linear analysis software 3MURI 
(S.T.A.DATA., 2016). It is a structural program 
for seismic calculation and verification of 
masonry structures according to the Italian code 
M.D. 14-01-2008 “Technical standards for 
constructions” (2008). 3MURI examines large 
and small masonry structures and mixed 
structures made up of masonry elements with r.c., 
steel and wood members for the seismic design of 
new structures or for the check of existing ones. 
The strength point of the program is the Frame by 
Macro Element (FME) innovative calculation 
method, that schematizes before the structure 
with a number of macro-elements (piers, 
spandrels and joints) and subsequently transforms 
them into an equivalent three-dimensional frame. 
In this way it is allowed to grasp the most of 
masonry structures seismic behaviour, so to 
provide to the designer necessary information for 
an accurate exam of the structures themselves. 
The software studies the structure global 
behaviour through linear static, linear dynamic 
and non-linear static analyses, allowing to know 
the structural behaviour under gravity loads, 
information on vibration frequencies and periods 
and seismic checks according to a Force-Based 
approach.  
According to the Italian Ministerial Circular 
(M. C.) n. 617 (2009), for seismic analysis of 
towers, considering that the in situ checks are 
limited and the structure geometry is known on 
the basis of design drawings only, the knowledge 
level LC1 has been assumed. Therefore, a 
confidence factor FC equal to 1.35 has been 
considered. Mechanical strength and Young 
modulus of masonry, considered made of squared 
blocks of soft stones (e.g. tuff, limestone, etc.), 
have been calculated as the lowest value and the 
average one, respectively, of those reported in the 
Table C8A.2.1 of the M.C. n. 617 (2009).  
About the nominal life VN of towers, 50 years 
have been considered. Under seismic actions,  
with reference to the consequences of either an 
use interruption or an eventual collapse, these 
constructions can be classified into the II class 
(normal importance structures). 
The subsoil category of structures, in absence 
of specific investigations, has been assumed of 
type C.  Due to the lack of appropriate local 
seismic response analyses, the T1 topographic 
category, with ST=1, has been taken into account. 
The towers have been covered by a r.c. plane 
roof having dead and permanent loads of 4 kN/m2 
and live loads of 1 kN/m2. Therefore, on the basis 
of the information collected on masonry towers in 
the previous section, average values of their 
planimetric dimensions have been considered for 
each of the three areas in which Italy is divided. 
Particularly, plan shapes measuring 7.8 m x 7.8 m 
(North), 7.0 m x 7.0 m (Centre) and 7.5 m x 7.5 
m (South) have been selected as representative 
dimensions of structures. Starting from these 
values, the variation of both the height and the 
thickness of the towers has been considered in 
order to generate a set of samples to be 
investigated in the next section under numerical 
way. More in detail, the variation of height has 
been made for each 20 m, whereas a variation 
step of 20 cm has been considered for the 
thickness. A summary table indicating the main 
geometrical dimensions of investigated towers 
and their variation ranges is illustrated in Table 5. 
Table 5. Variation intervals of geometrical dimensions of 
examined towers. 
Italian area H (m)  (H/B) t (cm) 
North 20-100 3-13 40-260 
Centre 20-60 3-9 60-160 
South 20-100 3-11 60-200 
 
The macro-element model representative of 
investigated towers is depicted in Figure 1. 
 
Figure 1. The 3MURI model of the generic tower 
examined. 
For seismic verification it has been considered 
also the location of towers in different Italian 
regional capitals. Therefore, in the Northern Italy 
seismic analysis checks have been performed in 
Bologna (Emilia-Romagna), Firenze (Toscana), 
Milano (Lombardia), Torino (Piemonte), Trieste 
(Friuli-Venezia-Giulia) and Venezia (Veneto). 
The same checks have been performed in Ancona 
(Marche), L’Aquila (Abruzzo) and Roma (Lazio) 
as representative cities of the Central Italy, 
whereas Bari (Puglia), Campobasso (Molise), 
Naples (Campania), Palermo (Sicilia) have been 
taken as regional capitals distinguishing the 
Southern Italy. 
 In Figure 2 the pushover analysis curves 
covering the seismic behaviour of all the analysed 
towers within the three Italian areas are shown.  
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Figure 2. Pushover curves of examined masonry towers 
with height of 20 m (a), 40 m (b), 60 m (c), 80 m (d) and 
100 m (e). 
From the above analyses the maximum base 
shear Vy and the initial stiffness K of curves can 
be derived and subsequently plotted as a function 
of the tower thickness t. The variation trend of 
these physical quantities with the tower thickness 
for the three different areas of the Italian territory 
are illustrated in Figures 3 and 4. 
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Figure 3. Maximum base shear vs thickness for masonry 
towers from Northern (a), Central (b) and Southern (c) 
areas of Italy. 
 
From results depicted in Figure 3 it appears 
that the increase of the base shear with the 
thickness follows more or less the same trend for 
towers within Northern and Southern Italy, 
whereas this augment of performance is less 
marked for Central Italy towers. This is due to the 
slight difference in terms of planimetric 
dimensions of the investigated towers. 
b) 
a) 
c) 
d) 
e) 
 In Figure 5 also the variation of the pushover 
curve initial stiffness K with the slenderness H/t 
of the towers is plotted. 
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Figure 4. Stiffness K vs. thickness t curves for the 
investigated towers. 
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Figure 5. Stiffness K vs. slenderness H/t curves for the 
investigated towers. 
 
From the above figures it is evident that the 
increase of stiffness as the thickness increases (or 
the slenderness decreases) is more pronounced 
for towers having height of 20 m. Differently, 
towers with height greater or equal than 40 m 
have not a significant variation of stiffness with 
increasing thickness. 
In addition, the seismic behaviour of towers 
placed in the three Italian areas has been 
investigated in the non-linear static field by 
evaluating the pushover results in terms of the 
SLV parameter, that is the ratio between the 
capacity acceleration and the demand one. 
Therefore, SLV factors greater or equal than one 
are representative of safety conditions. 
The minimumSLV factors deriving from 
pushover analysis results achieved on the towers 
sited in the different Italian regional capitals  
considered are listed in Table 6. 
 
 
 
Table 6. Minimum safety factors derived from pushover 
analyses on towers placed in different Italian areas. 
Italian area City minSLV 
 
 
 
North 
Bologna 1.41 
Firenze 1.81 
Milano 4.56 
Torino 3.98 
Trieste 1.80 
Venezia 2.66 
Average 2.70 
 
 
Centre 
Ancona 1.37 
L’Aquila 0.81 
Roma 1.95 
Average 1.38 
 
 
South 
Bari 2.12 
Campobasso 0.88 
Napoli 1.34 
Palermo 1.39 
Average 1.43 
 
The seismic checks of Table 6, except for the 
cases of L’Aquila and Campobasso, are always 
satisfied. Moreover, the average values achieved 
from recorded safety factors allow to declare that 
the Northern Italy towers are less susceptible to 
undergo damages under earthquake. On the other 
hand, the lowest average safety factor observed 
has been found in Central Italy, with a value 
similar to that recorded for Southern Italy towers. 
However, since these average factor values are 
greater than one it can be declared that, if towers 
behave as a unique structural element, without 
showing local failure mechanisms, their seismic 
behaviour is averagely satisfactory. 
4 LINEAR DYNAMIC ANALYSES  
In order to know the seismic behaviour of 
masonry towers in the linear field, the main 
vibration periods deriving from the 3MURI 
analyses have been compared with those achieved 
from the following relationships: 
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In particular eq. (1), valid for tower height up 
to 40 m, and eq. (3) are derived from M.D. 
14/01/08 (2008) and the Ministerial Circular of 
Public Works 24/05/82 n. 22631 (1982), 
 respectively, whereas eq. (2) has been provided 
by Fabbrocino and Rainieri (2011) and eq. (4) has 
been found in Di Gennaro (2010). 
The comparison among numerical curves and 
those derived from the previous equations is 
reported in Figures 6 and 7 as vibration period T 
vs. tower height H and as vibration period T vs. 
tower slenderness  (overall height/width), 
respectively. 
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Figure 6. Numerical-theoretical comparison of vibration 
period T vs. tower height H curves. 
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Figure 7. Vibration period T vs. tower slenderness  
numerical curves. 
 
From this comparison we can see that the 
vibration period values calculated with the above 
formulas are too on the safe side, since they 
largely underestimate the T values achieved with 
the 3MURI software. 
Moreover, the formula that approaches better 
the trend of the 3MURI curve is the eq. (4). 
Nevertheless, for tower height less than 40 m, this 
relationship provide unsafe results, with vibration 
periods greater than numerical ones. Contrary, for 
heights greater than 40 m, the results are better 
than those provided by the other formulas and are 
more close to the 3MURI ones.  
In conclusion, after this comparative 
comparisons, a new theoretical third degree 
polynomial formula (eq. 5) has been proposed to 
calculate the vibration period T as a function of 
the tower slenderness . This new relationship is 
able to predict on the safe side the tower vibration 
period, since it envelopes inferiorly the 3MURI 
curves. 
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5 CONCLUSIONS 
In the current paper, after a wide state-of-the 
art analysis of investigation techniques of 
masonry bell towers, an extensive parametric 
numerical analysis by using the 3MURI software 
has been performed on some case studies 
representative of Northern, Central and Southern 
areas of Italy. 
Non-linear static and linear dynamic analyses 
have been carried out on forty specimens of 
masonry towers having fixed plan layout and 
different geometrical properties in terms of total 
height and thickness.  
 From non-linear static analyses, considering 
the slight difference in terms of plan dimensions 
of masonry towers of the diverse Italian areas, it 
has been found that the base shear increasing with 
the thickness is similar for Northern and Southern 
Italy structures, whereas this trend is slightly less 
marked for Central Italy towers. Moreover, the 
stiffness of pushover curves strongly increase 
with the thickness for towers having height of 20 
m only, while for larger heights this augment is 
not substantial.  
The pushover analysis results have been 
evaluated also in terms of the SLV safety factor, 
that is the ratio between the capacity acceleration 
and the demand one, related to a series of case 
studies belonging to several Italian regional 
capitals. These seismic checks have been always 
satisfied, except for towers within cities of 
L’Aquila and Campobasso. Moreover, the 
average values of recorded safety factors allow to 
say that the Northern Italy towers are less 
vulnerable than other inspected structures. 
Instead, Central Italy towers have the lowest 
average safety factor, with a value similar to that 
of Southern Italy ones. 
Finally, linear dynamic analyses have been 
performed by the 3MURI software with the 
purpose to compare the main vibration periods 
with those deriving from four literature 
relationships. The comparison has shown that 
these relationships provide results largely on the 
safe side in predicting the main vibration period 
of towers. In addition, the relationship providing 
 the best prediction of periods is that found in Di 
Gennaro (2010). In conclusion, based on the 
3MURI analysis results, a new third order 
polynomial formula has been proposed to 
calculate the main vibration period of towers 
made of light squared stone towers as a function 
of their slenderness. 
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